SUMMARY We studied 30 patients with moderate-to-severe congestive heart failure in a double-blind, randomized, placebo-controlled trial to determine the acute and long-term effects of isosorbide dinitrate on clinical status and on resting and exercise hemodynamics. Seventeen patients received placebo and 13 isosorbide dinitrate. First-dose isosorbide dinitrate (40 mg orally) decreased resting and exercise pulmonary capillary wedge pressure, pulmonic and systemic arterial pressures and pulmonic and systemic vascular resistances without augmenting exercise capacity. Compared with placebo, chronic therapy with isosorbide dinitrate (40 mg orally every 6 hours for 12 weeks) significantly improved clinical status and exercise capacity. Resting and exercise systemic blood pressure and systemic vascular resistance returned to baseline values during chronic isosorbide dinitrate therapy, but pulmonary capillary wedge pressure, pulmonary artery pressure and pulmonary vascular resistance remained improved. In patients with congestive heart failure, 12 weeks of oral isosorbide dinitrate therapy improves resting and exercise hemodynamics, exercise capacity, and clinical status; tolerance develops to the systemic arterial vascular effects without attenuation of the venous and pulmonary vascular effects.
ORAL isosorbide dinitrate, alone or combined with other vasodilators, is commonly administered to achieve additional preload reduction in congestive heart failure. First-dose isosorbide dinitrate (D 20 mg orally) favorably alters hemodynamics in congestive heart failure," but usually does not augment exercise capacity. 6 7 Although the question of tolerance to chronic nitrate therapy remains controversial,'-" Franciosa and colleagues'2 13 have noted persistent improvement in resting hemodynamics and enhanced exercise capacity after chronic isosorbide dinitrate therapy in patients with congestive heart failure.
In this study, we examined and compared the effects of initial and chronic dosing of oral isosorbide dinitrate on resting and exercise hemodynamics and exercise capacity in patients with congestive heart failure. A double-blind, randomized, parallel, placebocontrolled design was used.
Methods

Patients
Thirty-nine patients with moderate-to-severe congestive heart failure were entered into the study. The patients were randomized by computer into two treatment groups: placebo (21 patients) and isosorbide dinitrate (18 patients) . Four patients of the placebo group and five of the isosorbide dinitrate group were excluded from the study and subsequent analysis. The reasons for exclusion in the placebo group were noncompliance in two patients, frequent hospitalizations in one patient and sudden death in one patient. In the isosorbide dinitrate group, four patients were excluded because of sudden death and one because of noncompliance. One placebo patient died of ischemic cardiomyopathy 3 days after initiation of the study drug. In the isosorbide dinitrate group, three patients with ischemic cardiomyopathy died 12, 27, and 35 days after the onset of study; the fourth patient had severe idiopathic congestive cardiomyopathy and died on the forty-third day of the study.
The clinical and laboratory characteristics of the remaining 17 placebo patients and 13 isosorbide dinitrate patients are presented in table 1. There were no significant differences between the two groups in age, sex distribution, maximum duration of symptoms (dyspnea on exertion, paroxysmal nocturnal dyspnea, or pedal edema), functional classification (New York Heart Association), etiologic diagnosis, frontal heart area on chest roentgenogram,'4 and the presence of atrial fibrillation or left bundle branch block. Diagnoses were established in all patients by right-and left-heart catheterization, left ventriculography, and coronary angiography within 2 months before the beginning of this study. Five of the placebo patients and four isosorbide dinitrate patients had mild-to-moderate mitral regurgitation.
Sixteen of the placebo patients were taking an oral digitalis preparation ( At baseline, all patients underwent complete history recording, physical examination, chest roentgenography, electrocardiography, M-mode echocardiography, measurement of systolic time intervals, and treadmill exercise testing. That evening, a flow-directed, triple-lumen thermodilution catheter was inserted percutaneously into a subclavian vein and positioned in the pulmonary artery. The next morning (postabsorptive state), supine resting, upright resting, and upright bicycle exercise hemodynamic studies were performed. The patients were randomized in double-blind fashion to placebo or isosorbide dinitrate. The placebo and isosorbide dinitrate tablets were identical in appearance. When the postexercise hemodynamic measurements returned to baseline, the first dose of placebo or isosorbide dinitrate, 40 mg, was administered orally. Sixty to 90 minutes later, supine resting, upright resting, and upright bicycle exercise hemodynamic studies were repeated.
The patients were discharged and took half-doses of the study drug for 2 weeks, and then advanced to the placebo tablets orally every 6 hours. The dosage had to be increased more gradually in one patient who had headaches, another who experienced near-syncope, and a third patient who had blurred vision at the maximal dosage; all three patients were in the isosorbide dinitrate group. Clinical evaluation by a physician, symptom survey, pill counts, and treadmill exercise testing were performed 1, 2, 4, 8, and 12 weeks after the beginning of the study. M-mode echocardiography and systolic time intervals were obtained at 4, 8, and 12 weeks. Treadmill and noninvasive testing were routinely performed 60-90 minutes after the dose. At 12 weeks, the patients were rehospitalized. A flow-directed, triple-lumen thermodilution catheter was introduced percutaneously and positioned in the pulmonary artery. The next morning, just before a dose (or 5-6 hours afterward), supine resting, upright resting and upright bicycle exercise hemodynamic studies were performed. These studies were repeated 60-90 minutes after a dose of the randomized treatment drug.
Procedures and Measurements
The noninvasive studies (M-mode echocardiography and systolic time intervals) were obtained on an Electronics for Medicine Echo IV unit as described previously.1517 Echocardiographic determinants'5, 16 of left ventricular performance included percent change in the minor-axis dimension from diastole to systole (%AD) and velocity of circumferential fiber shortening (Vcf), and the systolic time intervals determinant was the ratio of the preejection period to left ventricular ejection time (PEP/LVET).'7 Left ventricular diastolic volumes were measured by M-mode echocardiography and calculated using the formula reported by Pombo and colleagues."
Two forms of exercise testing were used. Hemodynamic responses to exercise were determined during upright bicycle ergometry, which provides technical advantages over other forms of exercise in our laboratory. Outpatient treadmill exercise was used to evaluate the patient's day-to-day outpatient activity and ambulatory tolerance.
Treadmill testing was performed on an Avionics Del Mar 599 treadmill interphased with a Sanborn 760-6A Hewlett Packard Visoscope. The Bruce protocol'9 modified to include an initial 180-second warm-up phase (0°at 1 mph) was used.
The indwelling pulmonary artery catheter, interfaced with Becton-Dickinson Electrodyne PR-18A pressure amplifiers and ST419 and WR4D recording systems, provided measurements of pulmonary artery pressure and pulmonary capillary wedge (arterial occlusive) pressure. For both supine and upright central pressure measurements, the pressure transducer was positioned at the intersection of the midaxillary line and a perpendicular line was drawn through the fourth intercostal space (parasternal). Thermodilution cardiac outputs were determined in triplicate (five measurements if the variation was more than 10%) with an Instrumentation Laboratories 601 computer and 602 recorder. Systemic blood pressure was measured by cuff and mercury column sphygmomanometer. Calcufull dosage of 40 mg isosorbide dinitrate or comparable CIRCULATION 818 lations included cardiac index (1/min/m2) = cardiac output/body surface area; stroke volume index (ml/ beat/M2) = cardiac index x 1000/heart rate; systemic vascular resistance (dyn-sec-cm-5) = mean systemic blood pressure x 80/cardiac output; and pulmonary vascular resistance (dyn-sec-cm-5) = mean pulmonary artery pressure X 80/cardiac output.
Bicycle ergometry was performed on a Quinton Uniwork ergometer model 845. The work load was started at 50 kg-m/min, increased to 100 kg-m/min at 180 seconds and then increased by 100 kg-m/min every 180 seconds. Hemodynamic measurements were made before exercise, at 135-180 seconds of each work increment and at maximal exercise. All subjects completed the first 180 seconds of bicycle exercise; the hemodynamic measurements obtained at this level were therefore used as the standard submaximal exercise values. Maximal exercise duration for both bicycle ergometry and treadmill testing was the time at which excessive fatigue or dyspnea precluded continuation.
Statistical Analysis
Analysis The results of echocardiographic and systolic time interval testing are presented in figure 1 . The %AD and Vcf increased modestly but significantly, and end-diastolic volume decreased for the isosorbide dinitrate group compared with baseline values. These variables did not change significantly in the placebo group, and there were no differences between corresponding mean values of the two groups. The PEP/LVET did not change significantly in either group.
Exercise duration during outpatient treadmill testing increased significantly for the isosorbide dinitrate group at 30, 60 and 90 days (fig. 2) . The mean value at 90 days was significantly greater than that of the placebo group.
Rest and Exercise Hemodynamic Studies pressure and the pulmonary and systemic vascular resistance. Five to 6 hours after a dose during chronic isosorbide dinitrate dosing (predose of chronic phase), the pulmonary capillary wedge pressure, mean pulmonary artery pressure and pulmonary vascular resistance remained decreased below baseline and dropped further 1 hour after a dose. Systemic blood pressure and systemic vascular resistance returned to baseline during the chronic dosing phase for determinations before and 1 hour after a dose.
Hemodynamic data obtained during upright resting and upright bicycle exercise (submaximal and maximal) are presented in figures 3, 4 and 5. Isosorbide dinitrate effected the same directional changes of the same hemodynamic variables during upright rest as during supine rest (table 2) . During submaximal and maximal exercise, initial-dose isosorbide dinitrate significantly decreased pulmonary capillary wedge pressure, mean pulmonary artery pressure, mean systemic blood pressure, and pulmonary and systemic vascular resistances below predose and corresponding placebo values ( figs. 3 and 4) . During the chronic dosing phase, systemic blood pressure and systemic vascular resistance at rest and exercise were no longer significantly affected by isosorbide dinitrate (fig. 4) . Exercise pulmonary capillary wedge pressure, mean pulmonary artery pressure and pulmonary vascular resistance remained significantly below the corresponding placebo values 5-6 hours after a dose (the predose determination) of isosorbide dinitrate during chronic dosing ( fig. 3) . One hour after another isosorbide dinitrate dose, only the pulmonary capillary wedge pressure and the mean pulmonary arterial pressure at maximal exercise decreased significantly below the already reduced predose values. Neither placebo nor isosorpulmonary capillary wedge pressure; PVR = pulmonary = systemic vascular resistance; P = placebo; ISDN = bide dinitrate (initial dose or chronic dosage) altered exercise cardiac index, stroke volume index or heart rate significantly.
Initial-dose isosorbide dinitrate did not increase exercise duration ( fig. 3 ). Chronic dosage (both before and 1 hour after a dose) with this drug increased exercise capacity above both placebo and initial values.
Discussion
This double-blind, randomized, parallel, placebocontrolled study demonstrates that isosorbide dinitrate elicits beneficial clinical and hemodynamic effects in the setting of congestive heart failure. Acute isosorbide dinitrate improved resting and exercise hemodynamics by lowering the elevated pulmonary capillary wedge pressure, pulmonary artery pressure, and pulmonary and systemic vascular resistances. As noted by others,6' 7 first-dose isosorbide dinitrate did not augment exercise capacity. Compared with chronic placebo therapy, chronic isosorbide dinitrate therapy caused a persistent reduction in resting and exercise pulmonary capillary wedge pressure and pulmonary artery pressure and pulmonary vascular resistance. Chronic isosorbide dinitrate therapy also increased exercise capacity and, compared with placebo, improved the clinical status as assessed by functional classification and diuretic requirements. It is noteworthy, but not statistically significant, that four patients (24%) of the isosorbide dinitrate group who were projected to complete the study died suddenly, compared with one of the placebo group (6%). We cannot explain this observation. The only apparent differences between the two groups were isosorbide dinitrate treatment and a higher, but statistically insignificant, prevalence of ischemic cardiomyopathy in the isosorbide dinitrate therapy, the systemic arteries and arterioles are exposed to a continually higher nitrate concentration relative to the venous vasculature. As a result, the systemic arteries and arterioles may undergo a form of selective downregulation or develop a biochemical-physiologic compensatory mechanism. Equally attractive explanations include differences (e.g., structure, affinity or regulation) in the venous and pulmonary vascular vs systemic arterial and arteriolar nitrate receptors and a greater susceptibility of the systemic arterial-arteriolar receptors to biochemical alteration (e.g., oxidation of critical sulfhydryl groups).9 With the development of systemic arterial-arteriolar tolerance, the major long-term effects of isosorbide dinitrate reside in the systemic venous and pulmonary vascular systems. Tolerance to chronic isosorbide dinitrate therapy was not demonstrated in these systems; in fact, the values 5-6 hours after a dose during chronic administration were virtually identical in direction and magnitude of change to the first-dose responses (determined 1-1 ½/2 hours after dosing), indicating that the pharmacodynamic effects plateau with chronic isosorbide dinitrate dosing.
We conclude that chronic oral isosorbide dinitrate, 40 mg every 6 hours, provides sustained beneficial hemodynamic effects at rest and during exercise in patients with congestive heart failure. Despite its lack of effect on cardiac output and stroke volume, chronic isosorbide dinitrate improves exercise capacity and the clinical status of patients with heart failure. Oral isosorbide dinitrate, alone or combined with afterloadreducing agents, occupies an important role in the chronic medical management of congestive heart failure.
